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ABSTRACT 
 
 
 This thesis contains three sections; the first section is about fabrication of functionally 
graded diamond-like carbon (FGDLC) films, the second section is about the characteristics of 
functionally graded diamond-like carbon films and the final section is about the adhesion 
characteristics and residual stress of diamond-like carbon films with various deposition parameters. 
 In the first section, FGDLC films are deposited with pulsed laser deposition (PLD) technique 
with two different target materials, 316L stainless steel and graphite. From the stainless steel substrate, 
which is same material as one of target materials, the content is gradually changing from stainless 
steel to diamond-like carbon (DLC,) and then additional pure DLC is deposited onto the gradient layer. 
With deposition data of DLC and stainless steel films, power profiles are obtained from given target 
content profiles. Intended thicknesses of FGDLC films are 600 nm with 450 nm of gradient layer. 
Deposition errors of content are less than 3 % for both DLC and stainless steel and errors on thickness 
are less than 2 %. 
 In the second section, adhesion strengths, compressive residual stresses and effective 
hardness of FGDLC films are examined. Five polynomials are selected for content profiles of FGDLC 
films. With a Rockwell C type indenter, three different indentation loads are employed to induce 
interfacial cracks. In this thesis, adhesion strengths of FGDLC films are compared to one from the 
relation between crack radius and indentation loads. Residual stresses are calculated with Stoney’s 
equation from difference in radius of curvature of (100) silicon substrate before and after film 
deposition. With existence of gradient layer in the film, adhesion strength is improved and 
compressive residual stress is largely reduced. The effective hardness of FGDLC films are measured 
with nano-indentation technique. 
 In the last section, sp3 contents, residual stresses, and adhesive characteristics of DLC films 
deposited with different deposition parameters are examined. Two important deposition factors — 
power of laser and temperature of substrate — are selected for this section. Residual stresses of DLC 
films show the same trend as sp3 content of films; however, adhesion strengths of films behave 
exactly in opposite way as sp3 content. The optimal point for the highest sp3 content of DLC is found 
at higher power of laser and lower temperature of substrate. 
 
 
 
Keywords: picosecond laser, functionally graded film, pulsed laser deposition (PLD), diamond-like 
carbon (DLC), adhesion strength, residual stress 
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I. Introduction 
 
 
1.1 Pulsed Laser Deposition (PLD) 
 
 Pulsed laser deposition (PLD) is a film deposition technique which uses laser ablation of 
material. This is known as one of the simplest and most versatile deposition methods for a thin film 
[1]. By irradiating laser beam onto the surface of material, materials are ablated and form a plasma 
plume. The plume is produced in a perpendicular direction to the surface of material and it travels 
toward the substrate and ablated materials are recondensed on the surface of substrate so that the film 
can be deposited. 
 PLD has several characteristics as a film deposition technique, such as its stoichiometric 
transfer of target material or ability to control growth rate of deposited film [1]. From its congruent 
transferring characteristic, PLD is considered as a very versatile technique for thin film deposition. 
Also, this characteristic allows depositing metallic films of complex system with metal alloyed target 
material. Secondly, multilayered heterostructures can be deposited with PLD method [1]. In these 
structures, adjacent layers have different chemical compositions from each other, but still, all layers 
have a common and continuous crystal structure. Different target materials can be used for 
multilayered structure, and thickness of each layer can be easily and precisely controlled by 
determining deposition rate per a pulse or per time. 
 However, PLD technique has one major disadvantage: the generation of droplets on the 
surface of film during deposition [1, 2]. This can limit its conventional applications since many of 
applications of thin films acquire a smooth surface of films. From studies to prevent the deposition of 
droplets, it is known that by using laser beam with high repetition rate and shorter wavelength, this 
problem can be resolved [1-4] — this was also determined in the previous study [5]. In this thesis, we 
use a 355 nm picosecond laser beam with a repetition rate of 200 kHz (Talisker 355-4, Coherent, 
U.S.A.) as the energy source to ablate target materials for thin film deposition. 
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1.2 Diamond-Like Carbon (DLC) 
 
 Diamond-like carbon (DLC) is an amorphous carbon with a significant fraction of sp3 
content. According to its sp3 content, DLC has density between that of diamond (100% sp content) 
and graphite (0% sp3 conent) [6]. Besides, as it is named, DLC films have highly desirable properties, 
such as high mechanical hardness, high wear resistance, low friction coefficient, chemical inertness 
and bio-compatibility [7]. With these desirable properties, deposition of DLC film has been studied as 
a promising thin film material recently. The mechanical properties, such as density, hardness, or low 
frictional coefficient, are mainly determined by the sp3 content of DLC films [6]. 
 The largest problem in fabricating DLC films is its poor adhesion strength due to its huge 
internal stress regardless its deposition technique. Since DLC films are usually applied as protective 
coatings from their superior mechanical properties, thicker films are preferred to maximize the wear 
life [6]. However, this large compressive residual stress limits the maximum thickness of DLC films 
deposited onto the substrate. The poor adhesion of DLC films can be easily observed by naked eyes. 
(a) and (b) in Figure 1 are optical micrographs of the surface of a DLC film deposited onto 316L 
stainless steel substrate. As the result of poor adhesion, buckling patterns or delaminations of film are 
observed. Various strategies are suggested to reduce compressive residual stress of DLC films by 
introducing one or multiple metallic interlayers [8-12] and those strategies were successful to improve 
the adhesion of DLC films. In this thesis, as an example to deposit functionally graded film, DLC is 
employed. If the gradient layer can be fabricated as designed, it will be possible to control properties 
of DLC films such as residual stress and their adhesive characteristics. 
 
 
Figure 1. After deposition, (a) buckling pattern or (b) delamination can be observed on the surface of DLC films. 
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II. Pulsed Laser Deposition (PLD) of Functionally Graded Diamond-like 
Carbon (FGDLC) Films with Designed Content Profiles 
 
 
2.1 Objectives 
 
 Diamond-like carbon (DLC) is an amorphous carbon with a significant fraction of sp3 
content. Between 0% sp3 content (graphite) and 100% sp3 content (diamond,) DLC has density 
between that of diamond and graphite [6]. Besides, as it is named, DLC films have highly desirable 
properties, such as high mechanical hardness, high wear resistance, low friction coefficient, chemical 
inertness and bio-compatibility [7]. With these desirable properties, deposition of DLC film has been 
studied as a promising thin film material recently. 
 The largest problem in fabricating DLC film is its poor adhesion strength due to huge 
internal stress. This large compressive residual stress limits the maximum thickness of DLC film 
deposited onto the substrate. So, there have been many studies and several methods were suggested to 
improve the adhesion strength of DLC films. Most of them suggested the introduction of “glue layers” 
between substrate and DLC film. By fabricating one or multiple metallic interlayers, the adhesion 
strengths of DLC films are largely improved [8-12]. 
 Recently, a method to fabricate functionally gradient DLC (FGDLC) film has been 
introduced. Instead of putting interlayers within film, fabricating a gradient between 316L stainless 
steel substrate and pure DLC film has been suggested [5, 13]. Pulsed laser deposition (PLD) technique 
was employed to build a gradient within the film, and as its result, critical load from scratch test is 
obviously improved after fabricating FGDLC film with linearly changing power profile [5] — they 
showed that introduction of gradient layer in the film can be used to adjust properties of the film. 
However, in that study, they only suggested to use linearly changing time-varying power curve, not 
designing the content profile in the gradient layer. In this section, we suggest a method to deposit 
FGDLC films onto the substrate with target content profiles. Six different content profiles of two 
materials, 316L stainless steel and graphite are employed to control the content profile in the gradient 
layer. 
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Figure 2. Schematic of a FGDLC film deposited onto 316L stainless steel substrate. 
 
2.2 Experimental Setup 
 
2.2.1 Substrate and Target Material 
 
 We use 316L stainless steel as our substrates. To obtain good quality of film, substrates 
should be mirror-likely polished. They are ground with three types of abrasive papers, 400/800/1200 
grit numbers, respectively, and finally polished with 1 μm polycrystalline diamond suspension. After 
these grinding and polishing steps, substrates are cleaned ultrasonically in deionized water for 10 
minutes to remove possible remaining particles on their surfaces. 
 
 
Figure 3. Pictures of (a) 316L stainless steel target, (b) 99.999% graphite target, and (c) 316L stainless steel 
substrate. The substrate is polished mirror-likely before deposition. 
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2.2.2 Experimental Setup 
 
 In this thesis, Talisker 355-4 (Coherent, U.S.A.) has been used as an energy source to ablate 
target materials. Repetition rate of the laser is 200 kHz and we choose a 355 nm laser beam for 
deposition of DLC films. To minimize damages on optical components, the beam is expanded and it is 
split into two with a beam splitter. Through the beam splitter, the maximum power on graphite is set 
as 4 W and 0.85 W on 316L stainless steel target. Powers of two split beams are controlled by 
motorized attenuators, ML2100 (Metrolux, Germany.) An attenuator can control the power of each 
beam by controlling the position of two optical plates, so that we can control deposition rate of each 
target material. To control attenuators, we have used a LabView code and it changes positions of glass 
panels in attenuators. The number of steps is 400 which means that the power of incident laser beam 
changes 400 times in a given deposition time for a certain power curve. 
 
 
Figure 4.. Schematic of PLD system for deposition of FGDLC films. Plasma plumes from target materials are 
observed by an ICCD camera. 
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 Depositions of films are preceded in a vacuum chamber made of stainless steel. During 
deposition, the pressure in the chamber is maintained as 10-5 torr and the temperature of substrate is 
set at room temperature. Both target materials are rotating with a speed of 80 rpm to avoid constant 
drilling from ablation of materials. Also, substrate holder is rotating with a speed of 30 rpm for 
uniform deposition of films on the substrate. Plasma plumes ablated from both targets are observed 
with an intensified charge coupled device (ICCD) camera as shown in Figure 6. Thickness of gradient 
layer is set as 450 nm and upon the gradient layer, 150 nm of pure DLC layer has been additionally 
deposited — total thickness of FGDLC films are set as 600 nm regardless the content profile. 
 
 
Figure 5. Pictures of (a) stainless steel vacuum chamber and attenuators and (b) ICCD camera. Split beams are 
controlled by those attenuators. Plasma plumes ablated from target materials can be observed with ICCD camera. 
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Figure 6. Plasma plumes observed by an ICCD camera during a deposition procedure. Two plumes are mixing 
before they get to the substrate holder. 
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2.2.3 Characterization of DLC 
 
 To calculate actual content profiles, energy dispersive X-ray spectroscopy (EDS) is 
employed. This EDS system is attached to a scanning electron microscope (SEM, S-4800 Cold Field 
Emission SEM, Hitachi, Japan.) Since we want to measure the actual content profile along the 
thickness of deposited films, sets of EDS is taken from the side of films as shown in Figure 7; unless 
films are not delaminated from their substrates, EDSs are measured at 16 equally spaced points on the 
side of a film. From measured EDSs, the atomic percents of carbon and iron are converted to content 
of DLC and 316L stainless steel, respectively. The idea of this conversion will be introduced later in 
this section. Thickness of a deposited film is measured by alpha-step surface profiler (KLA Tencor, 
U.S.A.) taking average from 12 measurements each FGDLC film. 
 
 
Figure 7. Schematic view of EDS measurements. 
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2.3 Design of Content Profiles and Power Curves 
 
2.3.1 Deposition of Functionally Graded Films 
  
 In previous study, Cho et al. suggested a method to fabricate functionally graded diamond-
like carbon (FGDLC) film by using time-varying and linearly changing power curve [5]. They 
deposited gradient layer which has gradually changing content from stainless steel to DLC along its 
thickness for an hour and then, they deposited additional pure DLC layer for 15 minutes. As its result, 
they fabricated a film with gradually changing atomic percentage of iron (Fe) and carbon (C) along 
the film thickness as shown as (b) in Figure 8. In the figure, dotted lines are reference point of atomic 
percentage of iron and carbon measured from the surface of pure diamond-like carbon (DLC) film 
deposited onto 316L stainless steel substrate. From additional DLC layer onto gradient layer, their 
FGDLC film has very close chemical composition at its surface compared to their pure DLC film. 
 However, they did not design the content profile within the gradient layer. In this thesis, we 
want to design content profiles in the gradient layer before film deposition. Assume that the total 
thickness of deposited film is L and the deposition time is T. If the number of steps, n, gets very large, 
then the time step, tD , will be very small so that a smooth content profile can be obtained. Also, 
assuming that 0x  is the thickness of deposited film at some point, then effective film thickness, 
DLCq  and SUSq , can be considered as shown in Figure 9. The idea of effective film thickness is the 
separation of two different films to utilize content functions which are on the basis of film thickness. 
Each effective thickness can be calculated as: 
 
 
0
0
0
0
( )
( )
x
DLC DLC
x
SUS SUS
c x dx
c x dx
q
q
=
=
ò
ò
 (1) 
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Figure 8. Power curve and atomic percentage results from previous study [5]. 
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 Now, since the effective film thickness is known for each material, deposition rates at a 
certain thickness can be found from the deposition curves. For designed content profiles, power 
profiles required for deposition of FGDLC films can be obtained. Since we already have fitted 
deposition curves of both film materials, they will be our basis for power profiles. From calculated 
effective film thickness, the deposition rate of each material at a given film thickness can be found. 
Since they some numbers of laser powers, the required deposition rate will lie on this range: 
 
 
,min ,maxt t tq q
q q q¶ ¶ ¶
£ £
¶ ¶ ¶
 (2) 
 
There are four known values of deposition rate for stainless steel and five known values of deposition 
rate for DLC at a certain thickness of each material. Defining c as a content function of thickness of 
each material, and ( ) ( )c x dx C x=ò , then from 0 ( ) ( ) (0)
x
c d C x Cq s s= = -ò , obviously, 
( )
d
c x
dx
q
= . To obtain required power curves with film growth rate and deposition curves, the content 
function, c(x), should be expressed in a function of time because the powers of split beams are 
controlled by motorized attenuators as time goes. Since there are some information on content 
function in respect to total thickness of FGDLC film, 
d
dx
q
, and deposition rate of each material, the 
time derivative of content function is expressed as: 
 
 
0 0,
'( )
( )x
dc dc dx c x
dt dx d t c x tq
q q
q
¶ ¶
= × × = ×
¶ ¶
 (3) 
 
Now, the content function respect to time can be obtained numerically: 
 
 
0 0
0 0
,
( ) ( )
x
dc
c t t c t t
dt q
+ D + ×D  (4) 
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Figure 9. Schematic diagram of a FGDLC film with content profiles (a) in the basis of number of particles and (b) 
based on film thickness of each material. In (b), blue region and purple region indicates the effective thickness of 
DLC. 
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2.3.2 Deposition Data 
 
 In this section, the goal is to design the content profile within the gradient layer of FGDLC 
film. As stated before, total target thickness of film is 600 nm, which has 450 nm of gradient layer and 
150 nm of pure DLC layer. Prior to design content profiles, deposition curves for target materials, 
316L stainless steel and graphite, are obtained in the same conditions of pressure and temperature: 10-
5 torr and room temperature, respectively. DLC films and stainless steel films are deposited onto 
stainless steel substrates. For graphite target, we choose five different laser powers: 1 W, 2 W, 3 W, 4 
W, and 5 W. And for stainless steel target, 0.25 W, 0.5 W, 0.75 W, and 1.0 W are chosen for its 
deposition curve. For each material, six data points are obtained — films are deposited for 10, 20, 30, 
40, 50, and 60 minutes. During deposition procedure, we find out that a DLC film starts to be 
deposited with a power larger than 0.29 W and stainless steel film has a threshold for deposition as 0.2 
W. 
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Figure 10. Fitted deposition data for (a) DLC films and (b) stainless steel films. Dots are data points of thickness 
and lines are fitted from data points using the Nelder model.  
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 Since we want to deposit a film with an expected thickness as well as a designed content 
profile, curve fitting of deposition data is very important in this step. If deposition data of both 
materials are fitted well, they will show information on deposition rate at a certain thickness and at a 
certain laser power. They will be used to calculate a required power profile for a given content profile. 
As shown in the deposition data, thickness of DLC and stainless steel films increases slightly linear at 
the short time of deposition time then, films start to have smaller deposition rate as deposition time 
increases. It looks thickness of a certain film has a saturation point in deposition data. One possible 
deposition model with a saturation point is the inverse polynomial model [14]. Using Origin, both 
deposition data are fitted into the Nelder model — Nelder model has the inverse quadratic relation 
between deposition time and thickness of films. The model has a form of 
2
0 1 2
( )
t
t
b b t b t
q =
+ +
, 
where t is deposition time and θ is the thickness of film. Coefficients, 0b , 1b , and 2b , are different 
from the material and power of laser beam and they are summarized in Table 1. 
 
Table 1. Coefficients of Nelder model for both target materials. 
Graphite Stainless Steel 
Power
(W) 
b0 b1 b2 
Power 
(W) 
b0 b1 b2 
1 0.58123 -0.01518 41.609 10-´  0.25 0.27935 -0.00224 52.084 10-´  
2 0.2517 -0.00407 55.708 10-´  0.5 0.17646 48.302 10-´  58.611 10-- ٛ  
3 0.18158 -0.00193 53.247 10-´  0.75 0.12576 -0.00107 51.511 10-´  
4 0.14483 -0.00137 52.532 10-´  1.0 0.07495 46.077 10-- ٛ  51.555 10-´  
5 0.10051 56.324 10-´  59.605 10-´  - - - - 
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2.3.3 Content Profiles and Power Curves 
 
 Six content profiles are selected for FGDLC films: five polynomials and one sinusoidal 
profile. Films with polynomial content profile are designed to have total thickness of 600 nm, which 
has 450 nm of gradient layer and 150 nm of pure DLC layer. Five polynomials can be expressed as: 
 
 
if 0 450 nm
( )  
1 if 450 nm 600 nm
( ) 1 ( )
n
DLC
SUS DLC
ax x
c x
x
c x c x
ì £ £
= í
< £î
= -
 (5) 
 
( )DLCc x  and ( )SUSc x  represent the content of each film material contained within the deposited 
film and x is thickness of FGDLC film. Coefficients, a and n, are all summarized in Table 2. For the 
sinusoidal profile, the film is designed to contain only gradient layer and its total thickness is 600 nm. 
The sinusoidal content profile is selected as: 
 
 
( ) 0.5sin
( ) 1 ( )
DLC
SUS DLC
c x x x
c x c x
= +
= -
 (6) 
 
All of target DLC content profiles are plotted in Figure 11. 
 
Table 2. Coefficients for polynomial content profiles. 
Content Profile Coefficient of Polynomial (a) 
Linear (n=1) 32.22 10-´  
Quadratic (n=2) 64.93 10-´  
Cubic (n=3) 81.09 10-´  
Square Root (n=1/2) 24.71 10-´  
Cubic Root (n=1/3) 0.13  
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Figure 11. Designed target DLC content profiles. Blue lines are five polynomials and a red line is sinusoidal 
function. 
 
 Since their molar volumes ( 3 /cm mol ) of DLC and stainless steel films are different from 
each other, they should be determined first. Those values are found experimentally and they are 
measured as 6.17 for DLC film and 6.57 3 /cm mol  for stainless steel film. Let us say that ( )DLCc x%  
and ( )SUSc x%  are defined as content function of DLC and stainless steel in a basis of number of each 
particles. They are not based on chemical elements — carbon and iron — but film materials, DLC and 
stainless steel themselves. They can be any profile function varying between 0 and 1, and 
( ) ( ) 1DLC SUSc x c x+ =% %  is always true at any point in the film. However, in actual deposition 
procedure, it is much more convenient to use content profile based on deposited thickness, or volume: 
( )DLCc x  and ( )SUSc x  are content profile function based on the thickness of each film material. And, 
they can be easily calculated with molar volumes of two materials: 
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where mV  denotes the molar volume and its subscription represents each material. 
 In calculation of power curves for designed content profiles, ( )DLCc t  and ( )SUSc t , the 
amount of time increment is important because 
t
q¶
¶
 varies based on the time step. In this section, for 
deposition of FGDLC films, the total deposition time is set as 60 minutes and the number of steps (n) 
is set as 480. With a time step of 7.5 seconds, from deposition curves and given content profiles, 
power profiles are obtained as Figure 12. 
 
29 
 
 
Figure 12. Calculated power profiles from given six target content profiles. 
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2.4 Results and Analysis 
 
2.4.1 Thickness 
 
 Since one of objectives in this section is to fabricate FGDLC films with an intended 
thickness, 600 nm, the total thickness of deposited FGDLC films are also important. For each 
deposited sample, thickness is measured at 12 different points using the alpha-step surface profiler. 
The averaged values of film thickness are summarized in Table 3. As shown in Table 3, deposited 
FGDLC films are in good agreements in thickness. 
 
Table 3. Averaged thickness values. The target thickness is 600 nm. 
Profile 
Average Thickness 
(nm) 
% error to 600 nm 
(%) 
Linear 590.98 -1.50 
Quadratic 592.24 -1.29 
Cubic 591.34 -1.44 
Square Root 591.83 -1.36 
Cubic Root 591.50 -1.42 
Sinusoidal 606.3 +1.04 
 
2.4.2 Content Profiles 
 
 From EDS data measured from the side of deposited films, carbon (C) and iron (Fe) are 
selected to convert EDS data to the content of DLC and 316L stainless steel because iron is only 
contained in stainless steel and carbon is the only element contained in DLC. Since 316L stainless 
steel contains 59.46 % of iron and 6.78 % of carbon as its atomic percentage (at. %,) atomic percents 
of both elements can be calculated as follows: 
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where N is the number of atoms contained in the film. From this information, contents of DLC and 
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stainless steel can be calculated as: 
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 In Figure 13, solid lines are representing initially designed content profiles. As shown clearly, 
converted data points are following along the solid lines. For all of six profiles, they are all in good 
agreements with target content profiles. Deposition errors are calculated based on the difference 
between target content function and actual results. Using [ ]
2
0
( ) ( )
L
f x f x dx= ò , where L is the 
total thickness of FGDLC film and f(x) is content profile function, the deposition errors can be 
computed as follows: 
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where ( )if x
%  is the content result of component i of the film. Because EDS measurements are taken 
at 16 equally spaced points in the direction of film thickness, the calculation can be simplified as: 
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Table 4. Calculated deposition errors of FGDLC films from initially designed content profiles. 
Content Profile Error for DLC (%) Error for SUS (%) 
Linear 2.71 1.37 
Quadratic 2.64 1.09 
Cubic 2.99 1.07 
Square Root 2.09 1.21 
Cubic Root 2.01 1.24 
Sinusoidal 2.32 2.59 
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As shown in Table 4, all of the deposition errors are less than 3 %. Errors for stainless steel are 
smaller than those for DLC. Therefore, from their deposition errors, it is concluded that the measured 
content profiles agree well with pre-designed content profiles. 
 
 
Figure 13. Content profiles. Data points are measured data and target content functions are drawn in solid lines. 
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2.5 Conclusion 
 
 In this section of thesis, the main objectives are to build a pre-designed content profile in the 
gradient layer of FGDLC films and to obtain expected thickness of FGDLC films with generated 
power curves from deposition data of two film materials, DLC and 316L stainless steel. With power 
curves, six content profiles are designed for FGDLC films: five polynomials and one sinusoidal. 
Thicknesses of deposited FGDLC films are in a good agreement with expected thickness with errors 
less than 2 %. EDS measurements indicate that the actual content profiles deposited FGDLC films are 
also in a good agreement with pre-designed target content profiles with deposition errors less than 3 %. 
Successfully fabricating FGDLC films with intended thickness and target content profiles, this 
technique to build functionally graded film can be applied to various film materials and properties of 
film may be controlled with fabrication of gradient layer. 
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III. Properties and Adhesion Behaviors of Functionally Graded Diamond-
like (FGDLC) Films Deposited by Pulsed Laser Deposition (PLD) 
 
 
3.1 Objectives 
 
 Improving adhesion strength is one of major topics in thin film technology. Especially, for 
diamond-like carbon (DLC) films, poor adhesion from their large residual compressive stress limits 
the maximum thickness of films [6]. To improve their adhesion strengths, many methods have been 
studied — introducing foreign material to film [15], inserting multi or single layer [16-19] or 
designing functionally graded coatings [5, 20, 21]. Among these ideas, fabrication of functionally 
graded film is based on the idea of multilayer fabrication technique. Voevodin et al. suggests a design 
of graded film of Ti/TiC/DLC to improve the adhesion of a DLC film [21]. The content is gradually 
changing from Ti to carbon and its adhesion is largely improved in terms of load support capacity. In 
this gradient design, Ti actually works as an adhesive metal layer for others and TiC works as a 
supporting layer for DLC film. 
 However, in section II, it is already shown that from given target content profiles, FGDLC 
films with very small deposition errors can be deposited with PLD technique. So, in this section, five 
polynomials are selected as designed content profiles. From fabrication of FGDLC films, adhesive 
characteristics, residual stresses and effective hardness of them are examined. To measure residual 
stresses, Stoney’s equation is employed and effective hardness is measured with nano-indentation 
technique. 
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3.2 Preparation of FGDLC Films 
 
 In this section, functionally graded diamond-like carbon (FGDLC) films are prepared by the 
pulsed laser deposition method [5, 13]. As an energy source to ablate materials, a 355 nm picosecond 
laser (Talisker 355-4, Coherent, U.S.A.) is employed. The laser beam has a repetition rate of 200 kHz 
and a pulse duration of 10 ~ 15 ps. The experimental setup is exactly same as stated in section I 
(Figure 4.) During deposition, the pressure in a stainless steel vacuum chamber is maintained at 10-5 
torr and the substrate temperature is set to the room temperature. Substrates are mirror-likely polished: 
they are ground with 180, 320, 800, and 1200 grit numbered abrasive papers, and then finished with 
6μm and 1μm polycrystalline diamond suspensions. After polishing, those substrates are cleaned in an 
ultrasonic bath for 10 minutes in deionized water. 
 In order to study the effect of the content profile in gradient layer of FGDLC films on 
adhesion strength and effective film hardness, five different content profiles are selected as follows: 
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where DLCc  and SUSc  are content profiles for DLC and 316L stainless steel, respectively. Five 
values for n are selected as 1/3 (Cubic root,) 1/2 (Square root,) 1 (Linear,) 2 (Quadratic,) and 3 
(Cubic.) Same as in section I, the total thickness of a FGDLC film is set as 600 nm, which has 450 nm 
of gradient layer. 
 
 
Figure 14. SEM images of (a) the side of FGDLC films and (b) surface of film. 
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Figure 15. Designed content profiles are shown in solid lines and actual content profiles are shown in data points. 
In this figure, only content of DLC are shown. 
 
 Figure 15 shows the designed content profiles in solid lines and measured content values as 
data points. Using same method as in section I, EDS technique is also employed to measure the 
content of deposited FGDLC films. For each sample, EDS measurements are conducted at 17 equally 
spaced point along the film thickness and the analysis is repeated at least six times with three different 
films with same content profile to reduce measurement errors. To calculate deposition errors of 
FGDLC films, following equation is used: 
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where ( )DLC ic x%  is the measured content profile at location of ix . From calculation of deposition 
errors, it is found that they are ranged from 3.2 % to 5 %. Also, for each specimen, film thickness is 
measured at 12 different positions using the scanning electron microscope (SEM,) and thicknesses of 
FGDLC films ranges from 587 to 591 nm, which are close to the target thickness, 600 nm. 
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3.3 Results and Analysis 
 
3.3.1 Residual Stress 
 
 Generally, the bad adhesion of DLC films is known as a result of its high compressive 
residual stress after its deposition regardless of deposition technique. In this section, we want to study 
how the gradient layer affects the residual stress of FGDLC and DLC films. Compressive residual 
stress of deposited DLC and FGDLC films are calculated with well-known Stoney’s equation [22]: 
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where sE  is Young’s modulus (112.74GPa [22]) and sn  is Poisson’s ratio (0.42 [22]) of (100)  
silicon substrates and st  and ft  are the thickness of substrate ( 525 mm ) and of the film, 
respectively. iR  and  fR  are radii of curvature of samples before and after deposition, respectively. 
Sizes of silicon substrates are 15 mm by 15 mm with same thickness as stated above. An alpha-step 
surface profiler (KLA Tencor, U.S.A.) is employed to obtain surface profiles of samples before and 
after deposition of DLC or FGDLC films. For measurement of surface profiles, we choose two 
orthogonal directions which have same crystal orientations as <110> so that they have same 
mechanical properties in both ways. In each direction, profiles are measured three times with a scan 
length of 13 mm. 
 From surface profiles, radius of curvature can be computed. Six points are selected and 
positions of them are measured with an image analyzer, Matrox Inspector. From selected points, a 
smooth curve is found using the cubic spline interpolation method with a MATLAB code. The 
curvature of a sample, k , is calculated at the lowest point of spline curve wh[23]ere its first 
derivative is zero. The curvature can be calculated using: 
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where y  represents the interpolated spline curve, 'y  is its first derivative and ''y  is its second 
derivative. From the curvature, radius of curvature (R) can be simply obtained by the reciprocal of the 
curvature, 1/R k= . 
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Figure 16. Surface profiles of (a) bare silicon substrate and (b) 600 nm pure DLC coated silicon substrate. 
 
 Calculation of residual stress is based on difference in radii of curvature of silicon substrate 
before and after film deposition. In Figure 17, calculated compressive residual stresses are plotted 
against the content profile of FGDLC and two types of DLC films. For two pure DLC films with 
different thickness of 150 nm and 600 nm, it is shown that thicker film has a larger residual stress than 
thinner film. Comparing residual stress in FGDLC films to that of 600 nm pure DLC, which has same 
thickness as 600 nm, the residual stress decreases largely as the content of stainless steel increases in 
the gradient layer of FGDLC films. 
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Figure 17. Residual compressive stress calculated from Stoney’s equation. 
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3.3.2 Adhesion Strength 
 
 For quantitatively determine adhesion of thin films, generally scratch test [24, 25], four-point 
bend (4PB) test [25, 26], and nano-indentation [25] are commonly used to test adhesion of the film. 
These methods generally evaluate the adhesion of film with an energy release rate or critical normal 
load required to induce cracking between film-substrate systems. Among these three test methods, 
4PB test is not considered because of difficulties on sample preparation. 4PB test requires a 
“sandwich specimen” for test [25], but because DLC is brittle and our target thickness of film is 
600nm, it is not suitable test method with difficulties in preparing samples. Scratch test is also not 
considered as a primary method to test adhesiveness since it is hard to analyze and model the 
mechanism of the moving tip [24]. Indentation is a powerful method for brittle film to induce an 
interfacial crack between the film and the substrate. Because of thinness of samples (~ 600 nm), 
relatively small size of substrate and the brittleness of DLC, indentation is the best choice to test 
adhesion of FGDLC films. 
 Adhesion strengths of deposited FGDLC films are compared with induced interfacial cracks 
by Rockwell indentations — interfacial crack is induced by indentation as (a) in Figure 18. The 
adhesion characteristic of a film is examined through the linear relation between indentation load (P) 
and the crack radius (c) as (b) in Figure 18 [27]. With relatively lower indentation loads, the film 
deforms with its substrate, so that there will be no interfacial cracks observed. But, if the applied 
indentation load is high enough — when it exceeds the critical load of film — an interfacial crack is 
initiated and starts to propagate. As the load increases, its crack radius will vary linearly according to 
the load. From the linear relation, the reciprocal of its slope, dP/dc has been considered as a critical 
parameter for adhesion strength of thin films [27]. Since the adhesion strength is proportional to the 
value of dP/dc, here, we compare adhesion strengths of films in terms of dP/dc. 
 
 
Figure 18. Schematics of indentation test of adhesion of thin film [27]. 
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 Cracks are induced by loading a Rockwell C type diamond indenter with a load-cell type 
Rockwell hardness tester (KDMT-170 from Kyung Do Precision, Korea.) We select three distinct 
indentation loads of 600, 1000, and 1500 N to induce interfacial cracks in film/substrate system. 
Indentations are conducted three times with each indentation load — total number of indentations per 
each film is nine. After indentations, induced cracks are observed with an optical microscope and 
crack radii are measured with an image analyzer, Matrox Inspector, from their micrographs (Figure 
19.) While contact radii of induced cracks remain same for same indentation load, crack radii vary 
based on existence of gradient layer and profiles of gradient layer. 
 
 
Figure 19. Optical micrographs of indents and cracked regions. From three indentations with each indentation 
load, one is selected for each FGDLC. 
 
 While calculating dP/dc to test adhesion strength of DLC and FGDLC films, two methods 
are employed. One is to include all results from all of three indentation loads and the other is to 
include results only from two higher indentation loads (1000 and 1500 N.) When the indentation load 
is smaller than a certain critical value, there will be no visible cracks induced. However, cracks start to 
be induced by indentation with a load larger than the critical value. The slope of c vs. P curve, dc/dP is 
larger at relatively lower indentation loads. As the indentation load increases, c vs. P plot becomes 
linear and its slope, dc/dP gets smaller and then fixed at a certain value of slope after some point. 
From this trend in c vs. P plot, using only two higher indentation loads will show more accurate 
results. Values of dP/dc range from 1.79 /N mm  to 3.68 /N mm  with three indentation loads and 
from 2.14 /N mm  to 6.09 /N mm  with two higher indentation loads. For both methods, they 
show the same tendency of gradually increasing values of dP/dc with increasing stainless steel content. 
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Figure 20. dP/dc results from Rockwell indentation experiments. Black points include all of three indentation 
loads, and red points include only two higher indentation loads (1000 and 1500 N.) 
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3.3.3 Effective Hardness 
 
 Effective hardness of DLC and FGDLC films are measured using nano-indentation technique 
with Nano Indenter XP (MTS, U.S.A.) The maximum indentation depth is set as 50 nm — the 
maximum indentation depth for hardness should be less than 10 % of the total thickness of a thin film 
to exclude the effect of substrate deformation from indentation [28]. For each film, hardness is 
measured nine times and they are averaged. As shown in the figure, values of measured effective 
hardness of FGDLC films vary from 17.0 GPa to 59.8 GPa. The result definitely shows that if the 
content of DLC increases, from cubic profile FGDLC to pure DLC film, hardness increases as shown 
in Figure 21. Compared to hardness of 600 nm pure DLC film, 64.9 GPa, it is obviously seen that the 
content of stainless steel in the gradient layer affects the effective hardness a lot.  
 
 
Figure 21. Effective hardness of one pure DLC film and five FGDLC films. 
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3.4 Conclusion 
 
 In this section, the ultimate goal is to enhance the adhesion strength of DLC film by 
introducing gradient layer in the film. As the results, the adhesion strength is obviously improved in 
terms of dP/dc from Rockwell indentations. Also, the effect of content profile to compressive residual 
stress and effective hardness is examined. Content of stainless steel in the gradient layer has affected 
on adhesion, residual stress, and effective hardness. Especially, in residual stress, if the amount of 
stainless steel contained in FGDLC film increases, the compressive residual stress largely drops. By 
successfully fabricating FGDLC films, adhesion strength of DLC films is significantly improved and 
their residual stresses largely decreases. 
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IV. Properties of Diamond-like Carbon (DLC) films Deposited by Pulsed 
Laser Deposition (PLD) Technique 
 
 
4.1 Objectives 
 
 Diamond-like carbon (DLC) film is an amorphous carbon with mixture of sp2 and sp3 
hybridized carbon network structure. As introduced in section I, DLC films have very desirable 
properties such as good mechanical properties, chemical inertness or bio-compatibility, so that they 
are considered as promising material in thin film technology. From their sp3 bonding structure, DLC 
films can obtain those superior properties [29]. As well as physical properties, such as density, 
hardness, and compressive residual stress, DLC films’ sp3 bonding and its fraction depends on the 
deposition parameters [23].  
 Pulsed laser deposition (PLD) technique is applied to deposit DLC films with 355 nm laser 
beam with the repetition rate of 200 kHz. In previous sections, since FGDLC films are deposited, two 
target materials and a beam splitter should be used during deposition. However, in this section, the 
beam splitter is removed from the apparatus as shown in Figure 22. The substrate is placed in a 
stainless steel vacuum chamber pumped by a rotary pump and a turbo-molecular pump for a high 
vacuum condition. 
 In this section, DLC films are deposited on 316L stainless steel substrates to measure their 
sp3 contents and adhesion strengths and (100) silicon substrates to measure their compressive residual 
stresses. They are deposited with PLD technique in a vacuum condition with pressure of 10-5 torr with 
various sets of deposition parameters to observe effects of deposition parameters on characteristics of 
DLC films. X-ray photoelectron spectroscopy (XPS,) Rockwell indentation, and surface profile 
measurements are applied to study the difference in atomic structure, adhesion strength, and residual 
stress, respectively. 
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4.2 Preparation of DLC Films 
 
 Using PLD technique, DLC films are deposited onto 316L stainless steel substrates and (100) 
silicon substrates. Sizes of substrates are same as 15 mm by 15 mm regardless of material of 
substrates. From DLC films deposited onto stainless steel, we measure sp3 content of each film with 
XPS and observe adhesion characteristics from interfacial cracks induced by Rockwell indentation 
technique. Silicon substrates are used to measure residual stresses of DLC films from their radii of 
curvature before and after film deposition. The radius of curvature is computed from the surface 
profiles of substrates measured before and after deposition of DLC films. 
 
 
Figure 22. Schematic of experimental setup with only graphite target for DLC film deposition. 
 
 In this section, two factors from PLD technique — power of laser beam and temperature of 
substrate — are selected to observe how properties of DLC films changes along the changes in 
deposition parameters. With two factors, four levels are selected for experimental parameters which 
will give us 16 sets of different parameters. Since the substrate heater can heat the substrate up to 
900 ℃, the total range of substrate temperature is set from the room temperature to the maximum 
possible temperature. For consistency, the thicknesses of DLC films are set as 150 nm for all cases. 
The pressure in the stainless steel vacuum chamber is maintained as 10-5 torr. 
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Table 5. 24 experimental setup to measure their sp3 contents, residual stresses, and adhesion strengths. 
Levels 
Factors 
Power (W) Substrate Temperature ( )℃  
1 1 25 
2 2 317 
3 3 609 
4 4 900 
 
4.3 Results and Analysis 
 
4.3.1 sp3 Content 
 
 To directly measure sp3 content of DLC films, X-ray photoelectron spectroscopy (XPS) is 
employed as a measurement method. With a carbon XPS spectrum (C 1s,) it can be deconvoluted into 
three different peaks, at 284.4 eV, 285.2 eV, and 286.5 eV, which respectively represent sp2 and sp3 
carbon structures and C-O contamination [30]. Analysis of XPS spectrum is done with software 
named as XPSPEAK. Subtracting background from the original spectrum via XPSPEAK, three 
Lorentzian-Gaussian distinct peaks are picked at given central positions for sp2, sp3 and C-O XPS 
peaks. Then, those three peak are optimized automatically with XPSPEAK. From these three 
deconvoluted peaks, the sp3 content of DLC film can be determined as the ratio of corresponding 
peak area to the whole area of C 1s XPS spectrum. An example of deconvolution is shown in Figure 
23. 
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Figure 23. An example of XPS spectrum (Raw) and three deconvoluted peaks. 
 
 Three DLC films are deposited for each experimental parameter set and for each film, sp3 
content is measured three times. From nine measurements, two largest and two least values are 
excluded, so five data points per each deposition condition are used to observe behavior of sp3 
content along deposition parameters. The value of sp3 fraction for each deposition parameter set is 
averaged from its five measurements, and results are plotted in a contour plot as Figure 24. From the 
plot, it is clearly shown that the highest sp3 content value is placed in left-top corner, which has the 
highest laser power and lowest substrate temperature. Also, from the contour plot, it seems that the 
slope in temperature direction, especially in descending order, is much steeper than in direction of 
laser power. Values of measured sp3 contents are summarized in Table 7. 
 To check significance of factors — laser power and substrate temperature — an analysis of 
variance (ANOVA) is employed to analyze results of sp3 content. For ANOVA, the significance level 
is set as 0.05; if the P-value of a certain experimental factor is smaller than the significance level, it is 
considered as an important factor on the response, which is sp3 content in this section. As shown in 
Table 6, P-values for laser power and substrate temperature are very small — both factors 
significantly affect sp3 contents of DLC films. Strictly speaking, since the P-value from substrate 
temperature is much smaller than that from laser power, this means that the temperature of substrate is 
more affecting experimental factor than laser power on sp3 content of DLC films. 
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Figure 24. 3D contour plot of sp3 content. Units are %. 
 
Table 6. Analysis of variance (ANOVA) of sp3 content measurements. 
 
Degree of 
Freedom 
Square Sum 
Mean 
Square 
F-value P-value 
Power 3 26.50507 8.83502 44.67382 9.91E-06 
Substrate  
Temperature 
3 142.7707 47.59024 240.6375 6.57E-09 
Model 6 169.2758 28.21263 142.6557 2.10E-08 
Error 9 1.77991 0.19777 
  
Corrected 
Total 
15 171.0557 
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4.3.2 Residual Stress 
 
 As stated in section III, residual stress of a DLC film can be calculated with Stoney’s 
equation. Surface profiles of silicon substrates are measured before and after deposition of DLC films 
using alpha-step surface profiler (KLA Tencor, U.S.A.) Residual stresses are plotted in a 3D contour 
plot to see the effects of substrate temperature and power of laser beam on compressive residual 
stresses. As shown in Figure 25, compared to sp3 content of DLC films shown in Figure 24, residual 
stresses of DLC films is the largest when it has the largest sp3 content. With the lowest temperature of 
substrate and the highest power of laser beam during deposition, the DLC film has the largest value of 
residual stress of 0.30 GPa. There may be more considerable factors on this behavior of residual stress 
of a DLC film, such as deposition mechanisms of the film; however, in this section, this can be only 
compared to the behavior of sp3 content of the film. Residual stresses are summarized in Table 8. 
 
 
Figure 25. 3D contour plot of compressive residual stresses. 
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4.3.3 Adhesion Strength 
 
 Indentation experiments are conducted with a load-cell typed Rockwell hardness tester (HR-
522, Mitutoyo, Japan.) Interfacial cracks are induced by loading a Rockwell C type diamond indenter 
with three discrete indentation loads of 600, 1000, and 1500 N. After indentations, optical 
micrographs of indents are taken to measure crack radii. Areas of cracked regions are measured with 
an image analyzer, Matrox Inspector, and then, assuming the crack is propagated in a circular shape, 
crack radii are calculated. As stated in section III, for more accurate results, two higher indentation 
loads (1000, 1500 N) are selected to calculate dP/dc. As seen in Figure 26, at the highest substrate 
temperature and with lower laser power, the film has the largest value of dP/dc. Values of dP/dc range 
from 2.04 /N mm  to 8.43 /N mm . Comparing to residual stresses and sp3 contents of deposited 
films with variety of deposition parameters, it is shown that the adhesion strengths behave in an 
opposite way against residual stresses or sp3 contents. Measured values of dP/dc of DLC films are 
summarized in Table 9. 
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Figure 26. 3D contour plot of dP/dc. 
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Figure 27. Optical micrographs after Rockwell indentations. Cracks are induced with 600 N of indentation load. 
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Table 7. Measured sp3 contents of DLC films. Units are %. 
 
25 °C 317 °C 609 °C 900 °C 
4 W 45.77 39.61 38.78 38.2 
3 W 43.19 36.71 36.3 36.13 
2 W 42.36 35.7 35.26 34.89 
1 W 40.78 33.63 33.85 33.76 
 
 
Table 8. Calculated compressive residual stresses of DLC films. Units are GPa. 
 
25 °C 317 °C 609 °C 900 °C 
4 W 0.299 0.245 0.242 0.234 
3 W 0.268 0.228 0.226 0.224 
2 W 0.262 0.159 0.104 0.078 
1 W 0.252 0.104 0.100 0.045 
 
 
Table 9. Measured dP/dc values of DLC films. Units are N/μm. 
 
25 °C 317 °C 609 °C 900 °C 
4 W 2.038 2.921 3.378 3.647 
3 W 2.241 3.713 4.145 4.566 
2 W 2.277 4.889 5.041 5.183 
1 W 2.348 5.471 7.744 8.435 
 
 
4.4 Conclusion 
 
 In this section, sp3 content, residual stress, and adhesion strength of DLC films deposited 
with different deposition parameters are examined. For this section, a summary of results is as follows: 
 
1. To obtain the highest value of sp3 content of DLC films deposited with PLD technique, 
higher laser power and lower substrate temperature is required experimental conditions. 
Since only 355 nm beam is used in this thesis, wavelength effect on sp3 content is 
unknown in this moment. 
2. The compressive residual stresses behave in same way with sp3 content, but the 
adhesion characteristics behave in an opposite way of sp3 content. 
3. When sp3 content is high, adhesion strength is weak and its compressive residual stress 
is large. From the results, higher sp3 content induces larger compressive residual stress 
inside DLC films and this will be one of the major reasons for bad adhesion of DLC 
films.   
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